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ABSTRACT 

We present a comparison of late-type galaxies (Sa and later) in intermediate redshift clusters and the 
field using images from the Advanced Camera for Surveys (ACS) aboard the Hubble Space Telescope 
(HST). Cluster and field galaxies are selected by matching photometric and spectroscopic catalogs of 
four cluster fields: CL0152-1357, CL1056-0337 (MS1054), CL1604+4304, and CL1604+4321. Con- 
centration, asymmetry, and dumpiness parameters are calculated for each galaxy in blue (F606W or 
F625W) and red (F775W or F814W) filters. Galaxy half-light radii, disk scale lengths, color gradients, 
and overall color are compared. We find marginally significant differences in the asymmetry distri- 
butions of spiral and irregular galaxies in the X-ray luminous and X-ray faint clusters. The massive 
clusters contain fewer galaxies with large asymmetries. The physical sizes of the cluster and field 
populations are similar; no significant differences are found in half-light radii or disk scale lengths. 
The most significant difference is in rest-frame U — B color. Late-type cluster galaxies are signifi- 
cantly redder, ~ 0.3 magnitudes at rest-frame U — B, than their field counterparts. Moreover, the 
intermediate-redshift cluster galaxies tend to have blue inward color gradients, in contrast to the field 
galaxies, but similar to late-type galaxies in low redshift clusters. These blue inward color gradients 
are likely to be the result of enhanced nuclear star formation rates relative to the outer disk. Based 
on the significant rest-frame color difference, we conclude that late-type cluster members at z ~ 0.9 
are not a pristine infalling field population; some difference in past and/or current star formation 
history is already present. This points to high redshift "groups", or filaments with densities similar 
to present-day groups, as the sites where the first major effects of environment are imprinted. 
Subject headings: galaxies: clusters: general; galaxies: evolution; galaxies: spiral; galaxies: elliptical 
and lenticular, cD 



1. INTRODUCTION 

Understanding the physical processes that shape 
present day galaxies is one of modern astronomy's fun- 
damental goals. Galaxy morphology is clearly related 
to environment <lDresslerlll980t iPostman fe Gelleriri984t 
iWhitmore fc GilmorelH991j) . Few gas-rich galaxies and 
relatedly, few galaxies with spiral morphologies are found 
in the cores of rich clusters. To what extent the environ- 
ment drives galaxy evolution (nurture) or is simply a 
roadmap for the distribution of galaxy halo masses (na- 
ture) is being currently refined. 

By observing clusters at high redshift we can directly 
observe dynamically young structures. There is sub- 
stantial evidence that overall cluster galaxy populations 
evolve with redshift. Fractionally more blue galaxies are 
found in clusters at higher r edshifts; this trend is th e 
Butcher-Oemler (B-O) effect (|Butcher fc Oemlerl ll984'l. 



([Butcher fc Oemle 
However, cl uster cores do not sh ow a star-forming galaxy 
B-0 effect l|Nakata et al.ll2005|) . a nd the B-0 effect de- 
pends sensitively on cluster r adius (Ellin gson et alJl200fl: 
iNakata et all2005tlWake et al. 120051) . This implies that 
the Butcher-Oemler galaxies are infalling field galaxies, 
and indeed, some blue cluster galaxies have been iden- 
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tified as such l)Tran et al J 120051 . We test whether the 
late-type population in intermediate redshift clusters is 
an infalling field population by comparing the proper- 
ties of cluster and field galaxies at z ~ 0.9, currently the 
highest redshift where a substantial number of clusters 
are known. 

At low redshift there is a color-density relation (e.g. 
Goto et al. 2004) similar to the w ell-known morphology- 
density relation l|Dresslerl 0*98.Qj) , and widespread evi- 
dence that star formation rate s are lower in cluster an d 
group galaxies than in the fi eld (Balo gh et a l.ll997Lll99 
[ Hashimoto et all Il998t iCouch et all 120011 iLewis et al 
120021 iMartmez et all 12002(1 . The morphology-density, 
color-density, and star formation rate (SFR)-density rela- 
tions may be caused by physical processes su ch as galax- 
galax y interactions and tidal stripping llMoore et al 
Il998|) . starvation ijLarson et al1ll98dlBekki et al.|l2002T. 
and /or ram pressure stripping j Gjmn fc Gottl Il972t 

QkJ|2CMD. 



IGuilis et a,lJl200fllSchiilz fc Stnicldl2001l>. Alternatively, 
morphology, color, and SFR could be determined by 
the galaxy's halo mass, and this correlates strongly with 
galaxy density. Fortunately, large surveys have been able 
to address this issue. Environment is important in deter- 
mining the evolution of all but the most massive galax- 
ies (with M > 3 x 10 10 Mq) lIKanffrnarm et alJl200l 
iTanaka et al.l [20041. but we have yet to determine the 
physical mechanisms which are responsible for these ob- 
served environmental effects. 

The study of galaxy properties an d environment from 
the SDSS by Kauff mann et alJ l)2004|) has shown that the 
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galaxy property that is most sensitive to environment is 
star formation history. Star formation in galaxies less 
massive than 3 x 10*0 M and in regions of enhanced 
local (< 1 Mpc) galaxy density appears to decline grad- 
ually over a long, 1-3 Gyr, timescale. This is indicated 
by the lack of variation in the relationships between in- 
dicators of current and recent star formation in all envi- 
ronments. This has important implications for the dom- 
inant transformation process(es). Ram pressure strip- 
ping is thought to operate on short, < 1 Gyr timescales, 
while other mechanisms, such as starvation or galaxy 
harassment, are thought to shut off star formation on 
longer timescales. However, as a caveat, recent simula- 
tions showtliat^tnmcatedjg^ disk can persist for a few 
Gyr <|Roediger k, Henslerll2005j) . 

Another way to determine which physical processes 
drive galaxy evolution is to identify the physical charac- 
teristics of the regions in which galaxy properties change. 
Several groups have reported a "break" in the otherwise 
smooth distribution of the fraction of galaxies with Ha 
emission with local galaxy density (Gomez e t alJl2003r 
iBaloeh et aDl2004t iTanaka et al]l2004ft . with fewer Ha- 
emitters in higher density regions. However, among the 
population with significant star formation, no correla- 
tion between Ha equivalent width and density was found. 
The interpretation is that the timescale for the transition 
from star-forming to non-star-forming is rapid, < 1 Gyr. 
This i s in conflict with the results of Kauffr nann et al.l 
( 2004) that star formation is gradually extinguished. 

Extending these studies to higher redshifts allows 
us to observe how these trends evolve and trace 
how they are established. We now know that 
the morpholo gy-density rela t ion exists at inte r medi- 
ate redshifts jDressler et alJ Il997t iSmith et all 120051: 
iPostman et al.l2005fl . and evolves smooth ly with redshift 
((SmH^h - et**aTTl20b5t IPostman et al J 12005). However, the 
elliptical frac tion as a function of d ensity does not evolve 
significantly ijPostman et aLlfeOOSft . and the change in 
the morphology-density relation between z ~ 1 and the 
present-day universe is in the relative fractions of SO and 
spiral+irregular galaxies. The trend of reduced SFR for 
galaxies in clust ers is also established at these redshifts 
(EUingson et~aD 120011: IPostman et"aD 12001ft . although 
the evolution of total cluster SFRs with re dshift is not yet 
clear llFinn. Zaritsky. fc McCarthvll2004t iKodama et all 
l2004UHomeier et alJl2005t iFinn et al.ll2005ft . 

Detailed morphological measurements of cluster galax- 
ies at z ~ 1 have recently become possible with the in- 
stallation of the Advanced Camera for Surveys (ACS; 
Ford et al. 2003) on the HST. The ACS intermedi- 
ate redshift cluster survey probes 7 clusters in the red- 
shift range 0.83 < z < 1.27. Previous papers in this 
series have discussed the evolut ion of the cluster color - 
magnitude relation at z = 1.24 ijB lakeslee et al.ll2003bft . 
the fundamental plane l|Holden et al J 12005ft . the size- 
surface brightness r elation for early-type cluster galaxies 
( HolderTe^lJ^ ^I) . the star- forming cluster galaxy pop- 
ulation llHomeier et al J 1 2005ft. th e cluster galaxy lumi- 
nosity function llGoto et alJl2005ft. and the morphology- 
density relation {Postman en!Tl2005]) . In this paper 
we explore morphological similarities and differences be- 
tween spiral and irregular galaxies at intermediate red- 
shifts in galaxy clusters and in the field. We compare 
quantitative morphological measurements, physical sizes, 




Fig. 1. — The visually classified T-type distributions for the 
combined cluster (dashed) and field (solid) samples. There is no 
significant difference in the T-type distributions. The median T- 
type for the cluster sample is 4, and also for the field sample, 
4. This illustrates that there is no significant difference in visual 
morphology between the field and cluster samples. 



and colors of late-type galaxies in two X-ray luminous 
clusters at z — 0.84, two X-ray faint clusters at z = 0.9, 
and field galaxies at comparable redshifts. We aim to un- 
cover whether these late- type cluster members have prop- 
erties that make them distinct from late-type field galax- 
ies, or if they are indistinguishable, in which case they 
are consistent with a pristine infalling field population. 
If they are already distinct from the field population, it 
supports the scenario where environmental changes im- 
pact galaxies on long, > 1 Gyr timescales. 

2. OBSERVATIONS AND REDUCTIONS 

CL0152-1357 (CL0152), CL1056-0337 (MS1054), 
CL1604+4304, and CL1604+4321 were observed with 
the ACS Wide Field Channel as part of a guaranteed time 
observation program (proposal 9290). CL1604-I-4304 and 
CL1604+4321 were observed with a single pointing in 
the Vkoe and hu filters for two orbits each. For CL0152- 
1357 and MS1054, the observations were taken in a 2 x 2 
(four pointing) mosaic pattern, with 2 orbits of integra- 
tion in the r 625 (CL0152), 1 orbit of V 606 (MS1054), and 
2 orbits each of «775 and z 850 filters. The cluster cores 
were imaged for a total of 32 orbits in each filter because 
of the 1' of overlap between the pointi ngs. The data 
were p rocessed with the Apsis pipeline (Blakcslc e et alJ 
2003a). Our photometry is calibrated to the AB mag- 
nitude system using zeropoints in Sirianni et al. (2005). 
Object detection and photometr y was performed by SEx- 
tractor ijBertin &: Arnoutsil996ft incorporated within the 
A psis pipeline. A more detailed description can be found 
in iBenftez et all {2004). We use isophotal magnitudes, 
MAG_ISO, when quoting colors as they provide a more 
accurate measure of galaxy color, and MAG_AUTO when 
quoting broad-band magnitudes, as this is the best esti - 
mate of a galaxy's total magnitude (jBenftez et alJ 20041 . 

2.1. Sample Selection 

We list the properties of our sample galaxies in Ta- 
bles HH1 and show color cutouts in Figures ??-??. Fig- 
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ures 10-17 will appear in the online manuscript, 
and are not in the astro-ph version. Spec- 
troscopic redshift catalogs were used to select clus- 
ter a nd field sa mples for CL0152- 1357 ijDemarco et alJ 
HHU), MS1054 ifTran et alJ Il99l. CL1604+4304 and 
CL1604+4321 llPostman et all 1199% iLubin et all Il998t 
iPostman et al.ll200H) . Exte nsive visual morpholo gy cat- 
alogs were created by MP ijPostman et alJl2005|) . Mor- 
pholo gies were determined visu ally on the T-type sys- 
tem (jde Vaucouleurs et al.ll99"l|) . All galaxies in the field 
with 1775 or 7814 < 24 magnitude were classified. Approx- 
imately 10% of the galaxies were also classified by three 
independent classifiers to estimate the classification er- 
rors. Majority agreement was achieved for 75% of objects 
with 1775 < 23.5. There was no significant offset between 
the mean classification from the independent classifiers . 
More information can be found in lPostman et alJ {2005). 

A T-type — 5 < T < — 3 corresponds to elliptical galax- 
ies, — 2 < T < corresponds to lenticular (SO) galaxies, 
and T > 1 to Sa and later-type galaxies. We selected 
field galaxies with visual morphological type Sa or later, 
T-type > 1, and with redshifts between 0.55 < z < 1.1, 
and excluding the cluster redshift. Histograms of the T- 
type distributions of cluster and field galaxies are shown 
in Figure ^ There are no significant differences in the 
distribution of visually assigned T-types between any of 
the four cluster galaxy samples and their respective field 
samples. The median T-type of each sample is 3 — 4, 
except for the CL1604+4304 cluster and field samples, 
which have medians of 6. The median T-type for the 
combined cluster sample is 4, and for the combined field 
sample, also 4. 

The field galaxy redshifts were obtained with the same 
masks as the cluster galaxy redshifts. The advantage 
of using a field galaxy sample which is taken from the 
same images as the cluster galaxies is that it minimizes 
the chance of systematic errors in population proper- 
ties. The redshift completeness functions for MS1054, 
CL1604+4304, and CL1604+4321 depend only on R 
magnitude. There is a color term in the redshift com- 
pleteness function for CL0152-1357. The mask selec- 
tion was based on photometric redshift, and galaxies 
bluer than the red cluster sequence are less likely to 
have been observed l)Demarco et al.ll2~005HHomeier et al.l 
|2005|) . About 1/3 of the spectroscopically confirmed 
late-ty pe population i s with in 3<r of the red cluster se- 
quence iHomeier et alJ (|2005fl . Also, in the CL0152-1357 
redshift catalog, ther e is a galaxy group at z ~ 0.64 
ijDemarco et al.ll2005|) . We excluded 9 galaxies with red- 
shifts 0.62 < z < 0.65 which were likely to be associated 
with this group. Our final combined field sample con- 
tains 71 galaxies. 

2.2. CAS Parameters 

We measured the Concentration (C), Asymmetry (A), 
and Clumpiness (S) parameters llAbraham et alJ 119941 
iBershadv et~aTll2000t IConselicell2003ft for all cluster and 
field galaxies in our sample. Concentration is related 
to galaxy mass, asymmetry is related to interactions 
and mergers, and clumpi ness is re l ated to the cur- 
rent star formation rate l)Conselicel I2003|K The de- 
gree of concentration, asymmetry, or clumpiness in- 
creases as the value of the corresponding parameter in- 
creases. A public version of the CAS code is available at 



http:/ / acs.pha.jhu.edu^felipe/ PYCA and described fur 
ther in (jMeuanteau et al.ll2005l). 



2.2.1. C - Concentration 

The concent r ation definition we use is from 
lAbraham et alJ (^994). Concentration is defined as 
the sum of the galaxy flux within ro.3 = 0.3 x r to tai 
divided by the total flux. We fit an ellipse to the 
Sextractor segmentation map; this is the aperture used 
for the total flux. The segmentation map includes all 
pixels assigned to the galaxy that are 1.5a above the 
background. The inner radius, ro.3, is this aperture with 
the semi-major and semi-minor axes multipled by 0.3. 

2.2.2. A - Asymmetry 

Qualitatively, one calculates asymmetry by subtract- 
ing an 180-degree rotated image from the original im- 
age, summing the residuals, and including a correction 
for the background. We smooth each galaxy image 
with a gaussian kernel with a width of 1 pixel. This 
smoothed image is rotated by 180 degrees and sub- 
tracted from the smoothed, non-rotated image. The 
asymmetry forumla we use is, A = 1 ^{\i-ir-ot\)-B oorr ^ 

where I is the smoothed image, I ro t is this image ro- 
tated by 180 degrees, and B corr is a correction factor 
for the asymmetry signal of the background. B corr — 
V2 x Area x SKY RMS, and I t is the sum of the flux 
in the smoothed image. The asymmetry calculation uses 
only the pixels included in the Sextractor segmentation 
map. 

2.2.3. S - Clumpiness 

The clumpiness parameter is a measure of the high 
frequency residuals in a galaxy image. In our clumpi- 
ness calculation we subtract the Sextractor-created back- 
ground image from the galaxy image. This background- 
subtracted image is smoothed with a gaussian kernel 
with FWHM equal to 5% of the total radius (square 
root of the product of the semi-major and semi-minor 
axes of the Sextractor Kron aperture). The sum of 
the pixel values of this background-subtracted, smoothed 
image is divided by the sum of the pixel values un- 
smoothed background-subtracted image. Only pixels 
in the Sextractor segmentation map are used. A for- 
mula for the clumpiness parameter can be expressed as, 
S= 10 x f ^l 7 . J ")""° jtt x mask), where the mask as- 

sures that negative pixels are set to zero before summing 
and that the central 3x3 pixels are excluded. The cen- 
tral region must be excluded to avoid obtaining anoma- 
lously high clumpiness values for galaxies which simply 
have larger central light concentrations (bulges). What 
we are interested in is the high frequency light variations 
from the outer regions of the galaxy, which are related 
to current star formation rate. We chose 3x3 pixels 
because it excludes the most problematic region for the 
majority of our galaxies. This value is then multiplied 
by 10. 

3. RESULTS 
3.1. Colors 

Rest-frame color is a basic parameter of a galaxy and 
it reflects the integrated star formation history. To 
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Fig. 2. — Color magnitude diagrams for the cluster fields with the spectroscopically confirmed late- type cluster members as filled dots 
and the late-type field galaxies as filled squares. This illustrates the colors of the sample galaxies relative to all objects in the field. Note 
that some of the late-type galaxies are in the red cluster sequence. 



compare the colors of the cluster and held galaxies we 
convert observed magnitudes to rest-frame magnitudes 
and then colors. We transformed the observed ACS 
n>25-«775 (CL0152), V 606 -i 775 (MS1054) and V^oe-^H 
(CL1604+4304,+4321) to rest-frame U — B (AB mag- 
nitudes) colors as follows. Using the IRAF task CAL- 
CPHOT, we redshifted the Kinney-Calzetti templates 
(SO, Sa, Sb, Starbl, and Starb2; Kinney et al. 1996) 
to the redshift of the galaxy and calculated the observed 
ACS magnitude using the appropriate filter transmission 
curves. Also using CALPHOT, we calculated U and B 
at z = 0. We then performed a linear fit of the observed 
ACS color (x-axis) with the rest-frame U or B magni- 
tude minus the observed ACS magnitude (y-axis). In 
other words, because the observed ACS filters are close 
to rest-frame U and B filters, we can robustly calculate 
the difference between the observed ACS magnitude and 
the rest-frame U or B magnitude. These "corrections" 
depend somewhat on the spectral slope, which is probed 
by the observed color. The "corrections" are of the order 
of 0.5 magnitudes for both filters. In Figure [31 we show 
the observed colors and redshifts of our sample galaxies 
and how the observed colors for the Sb (dashed line) and 
Starbl (solid line) templates vary with redshift. This il- 
lustrates that the chosen templates reasonably cover the 
range of expected spectral slopes of our sample galaxies. 

The terms in the linear transformation equations are 
listed in Tabled The transformations are of the form 

U = m x c + b + maguue (1) 



TABLE 1 

Color. Transformations 



Cluster 


Restframe Band 


m 


b 


CL0152 


U 


-0.14 


0.56 


CL0152 


B 


-0.20 


0.61 


MS1054 


U 


-0.30 


0.55 


MS1054 


B 


-0.17 


0.61 


CL1604+4304,21 


U 


-0.26 


0.61 


CL1604+4304,21 


B 


-0.16 


0.75 



B = m x c + b + mag re d (2) 

where c is the observed color and magf,i„ e and mag re( 2 
are the observed magnitudes. For the cluster galax- 
ies we used two transformation equations (for U and 
B) at redshifts 0.84 (CL0152 and MS1054) and 0.9 
(CL1604+4304, +4321). Colors are calculated using 
the Sextractor isophotal magnitudes, but vaaguue and 
magVed are Sextractor MAG_AUTO magnitudes. 

In Figure 01 we show a (U — B) z histogram, a rest- 
frame color-magnitude diagram, and a B z histogram for 
cluster (dashed line, open dots) and field (solid line, filled 
dots) galaxies. The field late-type sample is significantly 
bluer than the cluster late-type sample. Although they 
also have a slightly different distribution of absolute B 
magnitude, at a given absolute magnitude the cluster 
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Fig. 3. — Observed ACS color versus redshift for the field (solid dots) and cluster (open dots) galaxies in our sample. Overplotted are 
the Kinney-Calzetti Sb (dotted) and Starbl (dashed) templates. 



galaxies are redder, as can be seen in the middle panel 
of Figure 2] There is no significant difference in color 
distribution between the late-type galaxies in the X-ray 
luminous and X-ray faint clusters. 

The mean rest-frame U — B colors of the cluster and 
field samples are 0.83 and 0.59 magnitudes, respectively. 
This difference is highly significant, the K-S test defi- 
nitely ruling out the null hypothesis that the two sam- 
ples are drawn from the same parent population, even 
if we restrict the samples to galaxies with B z < —20 
(confidence level greater than 99.99%). 

However, as mentioned in § 2.1, the redshift complete- 
ness for the CL0152 cluster sample is not uniform with 
magnitude; redder galaxies were more likely to have been 
observed. This should affect both the cluster and field 
sample in the CL0152 field, but if we are conservative and 
exclude the CL0152 cluster galaxies from the combined 
cluster sample, we still find a highly significant differ- 
ence between the cluster and field samples. In this case, 
the mean rest-frame U — B color of the cluster sample 
is 0.77 magnitudes, compared to 0.59 magnitudes for the 
field. This gives confidence limit of 99.98%. Including 
the magnitude cut of B z < —20, we have a confidence 
limit of 99.7%. 



This difference persists when the late-type galaxies in 
the red cluster sequence are excluded. If we include only 
those galaxies with (U — B) z < 1, which removes the red 
cluster sequence members, this color difference is still 
highly significant (99.8%). In this case the mean rest- 
frame U — B colors are 0.68 and 0.53 magnitudes for the 
cluster and field samples, respectively. Our robust result 
is that there is a significant offset in rest-frame U — B 
color between the cluster and field late-type galaxies, in 
the sense that the cluster galaxies are redder. We found 
no correlation between rest-frame U—B color and cluster 
radius or local galaxy density. 

3.2. Cluster-Field CAS Comparison 

Depending on the physical processes affecting clus- 
ter galaxies, we might expect offsets from field galax- 
ies in one or more of the CAS parameters. For exam- 
ple, in the low-redshift universe, there is evidence that 
spiral galaxies in clusters are smoother than the i r field 
counterparts <|Ooto et all 120031 iMc.Intosh et~aTl 120041) 
(S I), but some galaxies also have enhanced central star 
formation llMoss fc Whittle! 1200(1: iMcIntosh et all 120041: 
iKoonmann fc Kennevll2004D . which may lead to greater 
concentration (C t)- If galaxy-galaxy interactions are 
important in clusters, cluster galaxies will have greater 
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Fig. 4. — Rest-frame U-B vs. B color-magnitude diagram of field 
(solid line, filled dots) and cluster (dashed line, open dots) galaxies. 
There is a significant difference in rest-frame U — B color between 
the cluster and field samples. Although there is also a difference 
in the range of absolute B magnitude (panel (c)), in panel (b) we 
can see that at a given B magnitude the cluster galaxies are sig- 
nificantly redder. See text for a discussion of the high significance 
of this color difference. 



asymmetries (A |). 

In Figure we show histograms of the CAS param- 
eters for galaxies in the field (solid lines), the X-ray 
faint clusters (CL1604+4304 and CL1604+4321, dashed 
lines), and the X-ray luminous clusters (CL0152 and 
MS1054; dotted lines). The distributions of C and S 
are indistinguishable between any of the groupings (clus- 
ter/field, X-ray faint/luminous, X-ray faint/field, X-ray 
luminous/field) in the blue and red filters (rest-frame U 
and B). In both blue and red filters there are marginally 
significant differences between the asymmetry distribu- 
tions of the combined cluster and field samples, and be- 
tween the X-ray luminous and X-ray faint clusters. 

In the blue filter, the late-type galaxies in the field are 
more asymmetric than the late-type galaxies in the X-ray 
luminous clusters (98%), and the late- type galaxies in the 
X-ray faint clusters are more asymmetric than those in 
the X-ray luminous clusters (99%). These trends are also 
marginally significant in the red filter: X-ray luminous 
vs. field (99.2%), X-ray luminous vs. X-ray faint (92%). 
There is no significant difference in the asymmetry dis- 
tributions of the field and the X-ray faint clusters. 

We tested whether the difference in asymmetry be- 
tween the two cluster samples could be due to the differ- 
ence in filters; F606W is used for CL1604+4304,+4321, 
and MS1054, while F625W is used for CL0152. A com- 
parison of MS1054 and CL0152, both at z = 0.84, with 
a K-S test shows that we cannot rule out that they are 
drawn from the same parent population. Therefore, the 
asymmetry difference cannot be attributed to a difference 
in filter characteristics. 

To recap, the late-type galaxies in the X-ray faint clus- 
ters tend to be more asymmetric than their counterparts 
in the X-ray luminous clusters. If these trends are con- 
firmed after the cluster and field sample sizes are in- 
creased, then one possibility for the higher asymmetry 
values is a greater importance of galaxy-galaxy inter- 
actions in these low-mass clusters and in lower density 
environments, presumably due to the lower relative ve- 
locities. The X-ray luminous clusters also have asymme- 
try distributions that are significantly different than the 
field, however, in the next section we show that this is 
related to the color difference between the two samples. 

3.2.1. Asymmetry and Rest-frame Color 

We find a significant difference in asymmetry between 
the field and X-ray luminous cluster galaxy samples. 
However, in § 3.1 we showed that there is a significant 
rest-frame color difference between the cluster and field 
samples, and in this section we show that this is related 
to the offset in asymmetry between the X-ray luminous 
clusters and the field. In Figure we show rest-frame 
U — B color vs. asymmetry measured in the blue filter 
for the field (solid dots) and cluster (open dots) galax- 
ies. These two parameters are not independent for the 
cluster sample. The reddest cluster members have low 
asymmetries, as might be expected. If we now compare 
only galaxies bluer than U — B = 1, the asymmetry dis- 
tributions of the field and X-ray luminous cluster samples 
are indistinguishable. But the asymmetry distributions 
of the X-ray faint and X-ray luminous clusters are still 
significantly different (98.7%). 



3.2.2. Asymmetry and Local Galaxy Density 
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Fig. 5. — Comparison of the individual CAS parameters in the blue (left) and red (right) niters for field (solid line), CL1604+4304 and 
CL1604+4321 (dashed line), and CL0152-1357 and MS1054 (dotted line). There are marginally significant (2 - 2.5ct) differences in the 
asymmetry distributions of the combined CL0152,MS1054 and CL1604+4304,+4321 samples (respectively, the X-ray luminous and X-ray 
faint clusters). There are also significant differences in the asymmetry distributions of the X-ray luminous cluster galaxies and the field 
galaxies, which is related to the rest-frame color difference. See text for a discussion. 



Here we attempt to determine if the asymmetry dif- 
ference between the two cluster samples could be due 
to variations i n loca l galaxy density, as measured by 
iPostman et al.l l)2005|) . In Figure [7| we plot rest-frame 
U asymmetry versus local galaxy density for the X-ray 
faint (stars) and X-ray luminous (filled circles) clusters. 
The local galaxy densities were measured using a sta- 
tistical background s ubtraction, which is described in 
IPostman et all {2005). There is no statistically signifi- 



cant difference between the local galaxy densities of the 
two samples. 

3.3. Physical Sizes 

In this section we compare the sizes of cluster and field 
late-type galaxies. We might expect that disk galaxies 
in clusters will be smaller due to stripping of stars from 
galaxy harassment or galaxy-galaxy interactions, a di- 
rect effect, or indirectly from the stripping of disk gas, 
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preventing future star formation. Indeed, there is some 
observational evidence that galaxies in t he Coma cluster 
have smaller disks than field galaxies ([Gutierrez et al.l 
20(51). 



We compared galaxy sizes in two ways. First, we com- 
pared half-light radii from Sextractor, defined as the ra- 
dius of a circular aperture which encloses 50% of the 
light. The mean and median half-light radii for all sam- 
ples in both blue and red filters is approximately 3 kpc 
(no correction for the PSF was made), with no significant 
differences between the samples. 

We also fit PSF-convolved 2D bulge+disk models to 
the spir al (but not irregul ar) galaxies using the GALFIT 
routine (Pen g et al.ll2002l) . However, as one can see from 
the color cutouts in the Appendix, even the spiral galax- 
ies have significant substructure. Many galaxies were not 



successfully fit with disk or bulge+disk profiles due to 
bright HII regions and asymmetric structure. This is be- 
cause we are observing in the rest- frame U and B, where 
star formation is most apparent. For the galaxies which 
were successfully fit with disk or bulge+disk models, we 
compare the disk scale lengths in Figure |H1 

In the blue filter, the results of K-S test comparison are 
that all samples are consistent with being drawn from the 
same parent population. In the red filter, a K-S test in- 
dicates that the probability that the X-ray faint and field 
disk scale lengths are not drawn from the same parent 
population is 92%. We do not consider this to be signifi- 
cant, and thus conclude that we find no evidence for any 
significant differences in disk sizes between the clusters 
and the field, in either the rest-frame U or B. In sum- 
mary, the sizes of field and cluster galaxies as measured 
by half-light radii or disk scale length are indistinguish- 
able. 

3.4. Color Gradients 

There is evidence at z < 0.1 that the color gra- 
dients of star-forming cluster and field galaxies differ, 
with field galaxies having red inward color gradients 
and cluster galaxies h aving blue inward color gradients 
l|McIntosh et al]l200l . This suggests that the cluster 
galaxies have larger nuclear star formation rates relative 
to their outer disks, and is of interest in the discussion 
of the dominant environmental processes that affect gas- 
rich cluster galaxies, as well as the growth of bulges and 
central black holes. Here we test whether the late-type 
cluster population at z ~ 0.9 shows evidence for possess- 
ing the same pattern of relatively enhanced nuclear star 
formation rate by examining their color gradients. The 
difference in half-light radii at blue and red wavelengths 
gives a rough measure of the color gradient. We define 

r red 

the color gradient estimate (CGE), CGE= 10xlog[-^] 

r eff 

similar to IMcIntosh et all lj2004D . 

In the left panel of Figure [§| we show the CGE distri- 
butions for the cluster (dashed line) and field galaxies 
(solid line). Interestingly, the field galaxies tend to have 
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Fig. 8. — Comparison of disk scale lengths in the blue (left panel) and red (right panel) filters for spiral galaxies in the field (solid 
line), CL1604+4304 and CL1604+4321 (dashed line), and CL0152-1357 and MS1054 (dotted line). There are no statistically significant 
differences between any of the samples, and also note that our sample size is small. 



red inward c olor gradients, similar to field gala xies at 
low redshifts (|de Jondll99aiMoth fe Elstonl l2002) . most 
of which are late- type. It should be stressed that this 
rough estimate of color gradient measures color relatively 
within a given galaxy. For example, if all cluster galax- 
ies had positive values of CGE (blue inward) and all field 
galaxies had negative values (red inward), this would not 
necessarily mean that cluster galaxies have bluer centers 
than field galaxies, only that cluster galaxies have blue 
centers relative to the colors of their outer disks. 

From Figure it appears that more cluster galaxies 
have blue inward color gradients, but the difference be- 
tween the overall field and cluster populations is not sta- 
tistically significant. A K-S test indicates that the two 
distributions are not drawn from the same parent popu- 
lation at the 82% level, which we do not consider to be 
significant. The Wilcoxon rank-sum test, also referred to 
as the Mann- Whitney U-test, which is more sensitive to 
differences in the mean of distributions, finds a difference 
of approximately the same significance; the populations 
have a 85% probability of not having the same mean of 
distribution, which we also do not consider significant. If 
we choose our sample to include only those galaxies with 
rest- frame U — B < 1 .0, effectively removing the red clus- 



ter sequence members, then the difference in color gradi- 
ent is much more significant, as shown in the right panel 
of Figure |5J Here a K-S test shows a significant (97%) 
difference between the distributions of CGE; more of the 
blue cluster galaxies have blue inward color gradients. 
However, this cluster sample is still significantly redder 
than the field sample. 

Any difference in color gradient should be due to a 
difference in the pattern of star formation. Relatively 
blue centers in the cluster galaxies could indicate en- 
hanced nuclear star formation. The evidence for the exis- 
tence of enhanced nuclear sta r formation in Virgo spirals 
ijKoopma nn fc Kenney||2 004D . la te- type galaxies in Abell 
clusters l|Moss fc Whittle 2000), indicates that this is a 
possible interpretation of our results. 

We note that color gradient differences between clus- 
ter and field early-type, or spherodial, galaxies have also 
been found, but in an opposite sense. Some fraction 
(~ 30%) of field early-type galaxies have blue inward 
color gradients that indicate a later or more extended 
formation epoch, whereas cluster early-type have the red 
inwa rd color gradients expected fr om metallicity gradi- 
ents l|Menanteau et alJl200ll I2004D . 

In summary, compared to the field late- type galaxies, 
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we find that more cluster late-types have blue centers 
relative to the color of their outer disks. These rela- 
tively blue centers could indicate enhanced nuclear star 
formation rates, perhaps from gas driven in to the galaxy 
centers from tidal forces. They could also be the result 
of truncated gas disks like those seen in Virgo spirals 
ijKoopmann fc Kennevll2004|) . 

4. DISCUSSION AND CONCLUSIONS 

We find a difference in the rest-frame U and B asym- 
metry distributions of the spiral and irregular galaxies 
in the X-ray luminous (CL0152 and MS1054) and the 
X-ray faint (CL1604+4304 and CL1604+4321) clusters. 
The significance of these differences is marginal. How- 
ever, a visual examination of the galaxies in these four 
clusters seems to confirm that at least the CL1604 sys- 
tem includes more peculiar systems (such as "comet-like" 
shapes) than CL0152 and MS1054. 

An increase in the sample size of clusters is needed to 
confirm or refute this result, but if confirmed, it would 
provide evidence for an increased importance of interac- 
tions in low-mass clusters and the field relative to high- 
mass clusters at intermediate redshifts. Qualitatively, 
this may be plausible, as the relative velocities should 
be smaller in less massive clusters (cr„ oc A/ 1 / 2 ). How- 
ever, the magnitude of the difference in velocity disper- 
sion between these clusters is small, and complicated 
by substructure. For example, the tot al velocity dis- 
persion for CL0152 is ~ 1600 km s" 1 {D cmar co et al.l 
2005), but can be decomposed into three subclumps 
with velocity disper sions ranging from 300 — 900 km s _1 
l)Girardi et all2 005). The v elocity dispersion for MS1054 
is ~ 1100 - 1200 km s" 1 <|Tran et all 11999(1 . while for 
CL1604+4304and CL1604+4321 the velocity dis persions 
are ~ 960 and ~ 650 km s" 1 lIGal fc Lubinl20 04h respec- 
tively. Since CL1604+4321 dominates the X-ray faint 
cluster sample, the difference in velocity dispersion be- 
tween the two composite clusters (X-ray faint and X-ray 
luminous) is about a factor of 2. 

Most significantly, the color distributions of the cluster 
and field spiral/irregular galaxies differ, with the cluster 
sample being significantly redder. At the same time, we 
tentatively find that more cluster galaxies have blue in- 
ward color gradients, possibly indicating enhanced cen- 
tral star formation relative to the outer disk. 

To interpret these results, it is useful to consider ob- 
servations of cluster spirals in the local universe, where 
we have the best chance of studying environmental pro- 
cesse s in detail. Using Ha imagin g of Virgo cluster spi- 
rals, iKoopmann fc Kennevl l|2004|) showed that the re- 
duction in overall SFR for spiral galaxies in local clus- 
ters is due to a truncation of the gas disk. Star forma- 
tion rates in the centers of spiral galaxies in the cluster 
and field are similar, but the lack of gas at outer radii 
in cluster spirals means that the overall SFRs are sup- 
pressed. The physical mechanism identified as responsi- 
ble for this gas disk truncation is ram pressure stripping, 
which could be aided by tida l loosening of the outer gas 
ijKoopmann fc Kennevl 120041) . Also, color gradients in 
low-redshift cluster and field galaxies with overall blue 
colors differ, with field galaxies having red inward color 
gradients and cluster galaxies h aving blue inward color 
gradients (Mc intosh et alJl2004D . This may be circum- 
stantial evidence that these blue cluster galaxies have 



relatively enhanced nuclear SFRs similar to Virgo spi- 
rals. 

There is other evidence that gas is driven to the cen- 
ters of cluster spirals and causes circumnuclear star- 
bursts. The study o f low-redshift Abell clusters by 
IMoss fc Whittle! lf20*0 0^ found that enhanced nuclear star 
formation, as traced by Ha emission, was correlated with 
either a bar, or disturbed galaxy morphology, which they 
concluded was evidence for ongoing tidal interactions. 
However, they found an increase in galaxies classified as 
peculiar with increasing local galaxy density, something 
which is not consistent with the overall morphology- 
d ensity relati on. 

iTran et all l)2005|) studied the MS 2053 cluster sys- 
tem at z = 0.587 and concluded that the spiral/merger 
galaxy population in MS 2053-B is indistinguishable from 
the field in terms of colors, luminosities, sizes, and [Oil] 
A3727 EW. They conclude that this is an infalling field 
population. However, the colors of the spiral/merger 
population in the more massive MS 2053-A are differ- 
ent than those in MS 2053-B and the field. They are 
redder on average, similar to what we find here. 

We interpret these findings as evidence that although 
some blue cluster galaxies may be identified as infalling 
field galaxies, as an ensemble, the late-type cluster mem- 
bers at intermediate redshifts are not a pristine infalling 
field population. There are significant differences between 
cluster and field late- type galaxies even at these redshifts. 
Most of the cluster late-type galaxies are more than two 
standard deviations away from the observed red cluster 
sequence, meaning that these are Butcher-Oemler galax- 
ies. Even given such blue colors, they are still redder 
than field galaxies. 

This may be further evidence for the separate evolu- 
tion of color and morphology (e.g. Goto et al. 2003, 
Mcintosh et al. 2004) in high density environments. The 
evolution in color occurs faster than the evolution in mor- 
phology. This is puzzling, because the only mechanisms 
which would affect a galaxy's color on a longer timescale 
than its morphology will also alter the gas content. The 
only mechanisms which could alter the gas content and 
not the morphology (at least directly) are ram-pressure 
stripping and starvation. But these are not expected to 
be important because the morphology-density and color- 
density relations are in place in low density regions where 
ICM or intra-group medium pressure is negligible. If the 
ICM is unimportant, but color differences occur in lower 
density regions than morphology differences, does this 
mean that nature is more important than nurture? 

Our comparison of cluster and field late-type galax- 
ies at intermediate redshift shows that while the cluster 
galaxies are similar in most physical parameters, they 
are signficantly redder. The color transformation is per- 
haps occuring at these or higher redshifts in lower density 
groups, with clusters accreting such groups with "pre- 
processed" galaxies along filaments (e.g. Kodama et al. 
2001). 

Our main conclusions are as follows. 

• The late-type cluster population is redder than the 
late-type field population. This is our most sig- 
nificant result. The mean rest-frame U — B color 
difference is 0.34 magnitudes between the combined 
cluster (X-ray luminous and X-ray faint) and field 
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Fig. 9. — Comparison of the field (solid line) and cluster (dashed line) color gradients. In the left panel, we compare the complete 
samples. In the right panel, we only include those galaxies bluer than U — B = 1, effectively removing the red cluster sequence galaxies. 
There is no statistically significant difference between the complete cluster and field samples, and a marginally significant difference in the 
blue samples (97%). The blue cluster galaxies tend to have blue inward color gradients. 



samples. Although individual galaxies may be in- 
falling from the field, as an ensemble, they cannot 
be identified as a pristine infalling population. 

• At both rest-frame U and B, we find a marginally 
significant difference (98%, 99%) in the asymmetry 
distributions of the late-type galaxies in the X-ray 
luminous clusters and the field. Late-type galaxies 
in X-ray luminous clusters have lower asymmetries 
than those in the field. However, this difference can 
be completely attributed to the difference in rest- 
frame color. Considering only those galaxies bluer 
than U — B = 1, which removes the red cluster 
sequence galaxies, the asymmetry distributions are 
indistinguishable. 

• At both rest-frame U and B, we find a marginally 
significant difference (99%, 92%) in the asymme- 
try distributions of the late-type galaxies in the X- 
ray luminous clusters and the X-ray faint clusters. 
Galaxies in the X-ray faint clusters have larger 
asymmetry values than those in X-ray luminous 
clusters. This asymmetry difference persists when 
the red cluster sequence galaxies are removed and 
only the blue galaxies are considered (99%). If con- 
firmed when the cluster and field sample sizes are 
increased, this could point to a greater importance 
of interactions in lower density regions at these red- 
shifts. 

• We find no significant differences between any of 
the samples in concentration or dumpiness at rest- 
frame U and B. 

• Physical sizes of field and cluster late-type galax- 
ies are similar. We find no significant difference in 
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galaxy size as measured by half-light radii and disk 
scale lengths. 

• Considering only the blue (U — B < 1) cluster and 
field galaxies, we find a marginally significant dif- 
ference in the distributions of color gradients for 
the cluster and field late-type populations. We 
find that more blue cluster galaxies have bluer in- 
ward gradients, possibly indicating enhanced nu- 
clear star formation as is seen in low redshift clus- 
ters ijKoopmann fc Kennevl I2004L iMcIntosh et alJ 

Hi. 

While similar in structure, physical size, and luminos- 
ity, the infalling late-type galaxies in the outer cluster 
regions are redder and appear to have had a different 
star formation history than their late-type field coun- 
terparts. This suggests that their assembly has already 
been influenced by the somewhat denser environment in 
which they evolved. 
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TABLE 2 
CL1604+4304 



ACS ID 


C 606 


C 814 


A 606 


A 814 


S 606 


S 814 r 


e 606 r e 814 


^606 — *814 


«814 


2933 


0.251 


0.239 


0.210 


0.156 


0.119 


0.099 






0.73±0.05 


24.29 ±0.04 


2531 


0.466 


0.474 


0.209 


0.151 


0.032 


0.012 


*** 


5.9 


1.25±0.02 


22.37 ±0.01 


2930 


0.219 


0.256 


0.309 


0.309 


0.128 


0.049 






1.59±0.02 


21.84 ±0.01 


1495 


0.326 


0.337 


0.151 


0.149 


0.091 


0.046 


16.9 


18.3 


1.63±0.01 


20.85 ±0.00 


1627 


0.401 


0.349 


0.340 


0.304 


0.087 


0.073 






0.54±0.02 


22.53 ±0.02 


1448 


0.283 


0.260 


0.268 


0.197 


0.051 


0.041 


9.2 


11.4 


0.64±0.01 


22.24 ±0.01 


2121 


0.496 


0.438 


0.154 


0.140 


0.030 


0.021 






0.86±0.02 


22.68 ±0.01 


1135 


0.315 


0.336 


0.385 


0.379 


0.028 


0.011 


16.5 


17.0 


1.33±0.01 


21.99 ±0.01 


2701 


0.667 


0.543 


0.209 


0.183 


0.003 


0.002 






0.94±0.02 


22.99 ±0.01 


Note. — 


Asterisks indicate that 2D profile fitting with GALFIT 


was 


attempted, 


but did not converge. Effective 



radii arc quoted in pixels (1 pixel— 0.05"). Redshifts are given in the second column for field galaxies. 
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TABLE 3 
CL1604+4304 field sample 



ACS ID 


rcdshift 


C 606 


C 814 


A 606 


A 814 


S 606 


S 814 


r e 606 


r e 814 


""606 — 1814 


«814 


621 


0.548 


0.432 


0.410 


0.129 


0.123 


0.017 


0.014 


9.3 


8.1 


0.51±0.01 


22.97 ±0.01 


2166 


0.609 


0.361 


0.364 


0.196 


0.149 


0.048 


0.040 






0.62±0.01 


22.26 ±0.01 


681 


0.742 


0.247 


0.278 


0.152 


0.104 


0.056 


0.037 


12.5 


11.8 


0.90±0.02 


22.56 ±0.01 


2230 


0.830 


0.186 


0.230 


0.305 


0.227 


0.070 


0.046 






0.81±0.01 


21.83 ±0.01 


1984 


0.833 


0.330 


0.297 


0.149 


0.115 


0.065 


0.034 


8.0 


7.1 


1.39±0.02 


21.95 ±0.01 


1656 


0.937 


0.309 


0.315 


0.082 


0.074 


0.017 


0.018 


6.6 


6.9 


0.32±0.01 


22.42 ±0.01 


1389 


0.973 


0.219 


0.237 


0.122 


0.098 


0.070 


0.052 


9.0 


12.4 


0.80±0.02 


22.53 ±0.01 


2645 


0.974 


0.292 


0.338 


0.129 


0.091 


0.033 


0.022 


7.4 


7.7 


0.83±0.01 


22.47 ±0.01 


2539 


0.985 


0.289 


0.364 


0.156 


0.098 


0.082 


0.033 






1.42±0.02 


21.74 ±0.01 


1068 


1.068 


0.326 


0.286 


0.084 


0.103 


0.088 


0.037 






1.61±0.02 


22.23 ±0.01 


1374 


1.085 


0.613 


0.538 


0.176 


0.244 


0.004 


0.005 


4.4 


7.2 


0.24±0.01 


22.78 ±0.01 


802 


1.096 


0.237 


0.235 


0.232 


0.139 


0.061 


0.050 


9.3 


10.2 


0.61±0.02 


22.91 ±0.01 



TABLE 4 
CL1604±4321 



ACS ID 


C 606 


C 814 


A 606 


A 814 


S 606 


S 814 


r e 606 


r e 814 


V606 — »814 


«814 


1547 


0.332 


0.258 


0.303 


0.322 


0.065 


0.058 






0.63±0.02 


23.45 


±0.02 


990 


0.175 


0.180 


0.224 


0.218 


0.117 


0.071 






1.13±0.02 


22.69 


±0.02 


1849 


0.165 


0.163 


0.294 


0.226 


0.120 


0.096 


5.8 


13.3 


0.72±0.03 


23.69 


±0.03 


880 


0.338 


0.347 


0.104 


0.101 


0.096 


0.035 


2.2 


13.0 


1.84±0.02 


21.95 


±0.01 


883 


0.267 


0.309 


0.231 


0.195 


0.114 


0.061 


2.6 


8.0 


1.37±0.02 


22.21 


±0.01 


1459 


0.399 


0.423 


0.213 


0.141 


0.067 


0.028 


7.2 


14.4 


1.12±0.01 


21.28 


±0.01 


1640 


0.210 


0.293 


0.174 


0.140 


0.136 


0.060 


1.6 




1.50±0.01 


21.47 


±0.01 


3443 


0.272 


0.287 


0.132 


0.093 


0.033 


0.021 


4.3 


4.7 


1.07±0.02 


23.05 


±0.01 


2238 


0.353 


0.363 


0.122 


0.111 


0.056 


0.022 


7.6 


9.6 


1.52±0.02 


22.16 


±0.01 


1892 


0.491 


0.502 


0.098 


0.043 


0.030 


0.007 




6.0 


1.75±0.02 


21.87 


±0.01 


1034 


0.229 


0.247 


0.152 


0.135 


0.068 


0.048 


7.0 


*** 


0.85±0.02 


23.27 


±0.02 


2195 


0.305 


0.275 


0.226 


0.192 


0.028 


0.025 


5.6 


*** 


0.70±0.02 


22.97 


±0.01 


2272 


0.300 


0.239 


0.264 


0.194 


0.131 


0.072 




16.3 


1.31±0.02 


22.09 


±0.01 


1341 


0.244 


0.196 


0.091 


0.079 


0.036 


0.028 


6.5 


5.4 


0.98±0.02 


23.35 


±0.02 


2865 


0.239 


0.277 


0.205 


0.151 


0.089 


0.061 


10.5 


8.4 


0.82±0.02 


22.81 


±0.02 


1930 


0.200 


0.216 


0.159 


0.112 


0.053 


0.037 


9.3 


8.5 


1.01±0.01 


21.96 


±0.01 


1142 


0.440 


0.355 


0.107 


0.128 


0.017 


0.012 






0.94±0.02 


23.30 


±0.01 


2470 


0.235 


0.307 


0.068 


0.064 


0.119 


0.042 




10.2 


1.50±0.02 


22.24 


±0.01 


2283 


0.257 


0.249 


0.170 


0.124 


0.056 


0.037 




8.1 


0.98±0.02 


22.55 


±0.01 


783 


0.159 


0.129 


0.256 


0.261 


0.149 


0.090 






1.07±0.04 


23.54 


±0.03 


694 


0.422 


0.380 


0.262 


0.273 


0.025 


0.021 






0.62±0.01 


22.75 


±0.01 


1160 


0.296 


0.293 


0.315 


0.262 


0.047 


0.036 






0.89±0.01 


22.08 


±0.01 


2605 


0.264 


0.235 


0.223 


0.140 


0.164 


0.075 






1.44±0.02 


22.37 ±0.01 



TABLE 5 
CL1604+4321 field sample 



ACS ID 


redshift 


C 606 


C 814 


A 606 


A 814 


S 606 


S 814 


r e 606 


r e 814 


^606 — *814 


*S14 


2338 


0.618 


0.407 


0.414 


0.121 


0.093 


0.015 


0.011 


8.9 


8.1 


0.77±0.01 


21.56 ±0.01 


1071 


0.618 


0.459 


0.417 


0.211 


0.145 


0.009 


0.010 


5.9 


4.7 


0.44±0.02 


23.38 ±0.02 


1596 


0.694 


0.548 


0.467 


0.295 


0.279 


0.076 


0.054 






1.00±0.01 


21.34 ±0.01 


1655 


0.695 


0.288 


0.309 


0.281 


0.235 


0.051 


0.037 


8.3 


7.4 


0.84±0.01 


22.40 ±0.01 


2143 


0.696 


0.293 


0.267 


0.267 


0.214 


0.056 


0.047 


25.8 


25.1 


0.71±0.01 


21.59 ±0.01 


2140 


0.715 


0.248 


0.253 


0.162 


0.117 


0.056 


0.032 




12.4 


1.32±0.02 


22.29 ±0.01 


2220 


0.726 


0.350 


0.335 


0.255 


0.206 


0.032 


0.027 


6.4 


4.6 


0.64±0.01 


22.46 ±0.01 


1572 


0.726 


0.219 


0.266 


0.072 


0.048 


0.034 


0.025 


5.6 


5.2 


0.64±0.02 


23.32 ±0.01 


1878 


1.099 


0.374 


0.399 


0.141 


0.137 


0.104 


0.036 


10.1 


13.0 


1.74±0.02 


22.20 ±0.01 


1017 


1.128 


0.327 


0.233 


0.372 


0.298 


0.182 


0.095 


10.6 


11.3 


1.48±0.02 


22.02 ±0.01 


966 


1.174 


0.239 


0.231 


0.222 


0.181 


0.040 


0.036 


8.8 


10.1 


0.85±0.32 


27.48 ±0.21 


1438 


1.182 


0.252 


0.175 


0.267 


0.301 


0.150 


0.104 






0.91±0.03 


23.44 ±0.03 
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TABLE 6 
MS1054 



ACS ID C 606 C 775 A 606 A 775 S 606 S 775 r e 606 r e 775 v 60 6 - «775 «775 - Z850 «775 



392 





.293 


0. 


.329 





.182 





150 





.081 


0.034 


8.6 


8.8 





83±0.02 


0.17±0.02 


22.33±0.01 


456 





521 





411 


0. 


.107 


0. 


087 





065 


0.029 


1.6 


*** 





96±0.03 


0.34±0.03 


23.07±0.02 


835 


o 


196 


o 


.220 


o 


.289 


o. 


256 


o 


.144 


0.090 




18.1 





67±0.03 


0.10±0.03 


22.80±0.03 


947 


o 


186 


o 


194 


0. 


098 


0. 


068 


o 


.075 


0.035 


6.2 


*** 


1 


51±0.02 


0.54±0.01 


21.66±0.01 


921 





351 





.364 





108 


0. 


124 





.103 


0.032 


6.7 


6.9 





93±0.04 


0.20±0.03 


23.44±0.02 


959 





.388 


0. 


335 





194 


0. 


175 





.160 


0.056 


1.3 


1.4 


1 


21±0.03 


0.43±0.02 


22.65±0.02 


1484 





271 


o 


271 


o 


187 


0. 


171 


o 


.181 


0.094 


*** 


2.4 





67±0.05 


0.13±0.05 


23.71±0.04 


1948 





.242 





.199 





.220 


0. 


.179 





135 


0.079 


*** 


54.0 


1 


08±0.01 


0.27±0.01 


20.53±0.01 


2013 





.463 





.411 





.073 





.100 





059 


0.020 


6.4 


7.6 


1 


,14±0.02 


0.45±0.01 


22.62±0.01 


2210 


o 


.432 


0. 


.465 


o 


.093 





110 


o 


021 


0.006 


4.7 


6.5 


1 


39±0.02 


0.48±0.01 


22.43±0.01 


2586 


0. 


263 


o 


.252 


o 


.109 


o. 


128 


o 


058 


0.027 


5.2 







96±0.03 


0.15±0.03 


23.00±0.02 


2813 


o. 


297 


o 


341 


o 


076 





068 


o 


.136 


0.035 


1.7 


9.2 


1 


,47±0.02 


0.61±0.01 


21.47±0.01 


2879 


0. 


.261 





.241 


0. 


135 


0. 


117 





.058 


0.041 


6.7 


*** 





51±0.04 


0.15±0.04 


23.87±0.03 


3070 





229 





250 





167 


0. 


140 





.115 


0.062 


5.4 


*** 


1 


12±0.03 


0.39±0.02 


22.57±0.01 


2976 





326 





317 


0. 


084 


0. 


079 





.066 


0.030 


3.0 


*** 





93±0.02 


0.45±0.01 


21.51±0.01 


3075 


o 


355 


o 


382 


o 


.077 





096 


o 


039 


0.016 


9.4 


13.3 


1 


,44±0.01 


0.43±0.00 


20.82±0.00 


3299 





.294 





.289 





.094 


0. 


094 





.180 


0.053 






1 


45±0.06 


0.57±0.03 


23.30±0.03 


3322 


o 


216 


o 


.266 


o 


.100 


0. 


117 





040 


0.019 


4.3 


4.7 





67±0.03 


0.09±0.03 


23.24±0.02 


3340 





242 


0. 


.247 


0. 


281 


0. 


266 





.086 


0.046 









80±0.02 


0.20±0.02 


22.49±0.02 


3403 





346 





359 





193 


0. 


201 





.040 


0.021 


4.5 


4.9 





68±0.02 


0.24±0.02 


22.57±0.01 


3438 


0. 


167 


0. 


.197 


0. 


234 


0. 


.189 





.124 


0.053 


6.9 


7.4 


1 


03±0.03 


0.35±0.02 


22.62±0.02 


3727 





203 





207 





.137 


0. 


154 





112 


0.083 









34±0.03 


0.06±0.04 


22.89±0.03 


3802 





.279 


0. 


.251 





.152 





123 





.059 


0.033 


8.4 


8.7 





79±0.02 


0.29±0.01 


22.28±0.01 


4101 





.230 





.240 





.263 


0. 


221 





.175 


0.074 


5.8 


6.7 


1 


02±0.03 


0.37±0.01 


22.21±0.01 


4234 





.310 





251 





.546 


0. 


.638 





042 


0.038 









,45±0.01 


0.15±0.01 


21.07±0.00 


4777 


0. 


279 


0. 


.263 


0. 


.152 





177 





.061 


0.034 






1 


17±0.01 


0.32±0.01 


21.94±0.01 


5040 


0. 


255 


0. 


.287 





158 





144 





.050 


0.031 


5.2 







76±0.01 


0.25±0.01 


21.51±0.01 


5152 





190 


0. 


.202 





082 


0. 


127 





.118 


0.055 






1 


15±0.03 


0.31±0.02 


23.36±0.02 


5967 





.181 





.193 





.212 





.207 





174 


0.083 




3.3 





,77±0.03 


0.21±0.02 


22.37±0.02 


6567 





.224 





.225 





.166 





159 





.088 


0.045 


6.1 


9.0 





78±0.02 


0.27±0.02 


22.60±0.02 


6872 





.207 





231 





136 


0. 


128 





.112 


0.050 


4.0 


6.1 


1 


00±0.03 


0.34±0.02 


22.43±0.02 


9133 


0. 


.381 





380 





.120 


0. 


111 





.108 


0.034 


*** 


6.0 


1 


34±0.03 


0.46±0.01 


22.04±0.01 



TABLE 7 

MS1054 FIELD SAMPLE 



ACS ID rcdshift C 606 C 775 A 606 A 775 S 606 S 775 r e 606 r e 775 v 60 6 - «775 «775 - Z850 «775 



1191 


0.552 


0.317 


0.339 





139 





.200 


0.108 


0.043 


8.2 


8.4 


1.25±0.04 


0.41+0.02 


22.84+0.02 


1542 


0.553 


0.252 


0.303 





.149 


0. 


159 


0.091 


0.035 


3.7 


16.2 


0.560 ± 0.01 


0.12 ± 0.01 


21.60 ± 0.01 


556 


0.559 


0.279 


0.280 


o 


.176 





.205 


0.056 


0.038 






0.75±0.01 


0.21+0.01 


21.48+0.01 


1401 


0.561 


0.180 


0.222 


o 


.183 


o 


.161 


0.106 


0.067 


*** 


2.0 


56+0 02 


08+0 02 


21 66+0 01 


2478 


0.573 


0.361 


0.310 





077 


0. 


076 


0.046 


0.027 






0.73+0.02 


0.20+0.02 


22.97+0.02 


531 


0.580 


0.230 


0.257 


o 


.344 


o 


316 


0.109 


0.087 


20.0 


19.9 


0.48+0.02 


-0.03+0.02 


22.31+0.01 


5659 


0.600 


0.260 


0.273 





.302 





.288 


0.087 


0.061 






0.56±0.02 


0.02+0.02 


21.99+0.01 


3573 


0.617 


0.223 


0.223 





.109 


0. 


.081 


0.067 


0.053 


7.9 


9.0 


0.21±0.02 


0.12+0.03 


23.12+0.02 


3865 


0.618 


0.256 


0.253 





.088 





076 


0.059 


0.041 


2.6 


7.8 


0.36+0.02 


0.10+0.02 


22.23+0.01 


9272 


0.666 


0.470 


0.447 


o 


.106 


o 


.087 


0.007 


0.004 


3.8 


3.0 


0.67±0.01 


0.15+0.01 


22.36+0.01 


3523 


0.702 


0.217 


0.222 


o 


.339 


o 


.341 


0.139 


0.086 






0.62+0.02 


0.11+0.02 


22.20+0.02 


9214 


0.702 


0.234 


0.242 


o. 


183 


o 


176 


0.079 


0.046 


9.4 


1.8 


0.88+0.01 


0.26+0.01 


21.19+0.01 


8165 


0.702 


0.171 


0.202 





.190 


o 


178 


0.075 


0.039 






0.66+0.04 


0.13+0.04 


23.80+0.03 


5464 


0.715 


0.323 


0.370 





.124 


0. 


.130 


0.049 


0.025 


5.6 


4.0 


1.07±0.01 


0.45+0.01 


22.20+0.01 


6284 


0.756 


0.181 


0.184 





.190 





.184 


0.126 


0.066 


4.4 


15.6 


0.80+0.02 


0.24+0.02 


22.04+0.01 


4324 


0.759 


0.462 


0.464 





209 


o 


.183 


0.021 


0.014 


3.4 


3.5 


1.30±0.02 


0.41+0.01 


22.21+0.01 


1203 


0.761 


0.314 


0.282 


o 


.257 


o 


.213 


0.071 


0.050 


4.4 


4.8 


0.53+0.01 


0.14+0.01 


21.55+0.01 


7248 


0.761 


0.234 


0.320 





163 


o 


137 


0.147 


0.057 


4.5 


1.9 


1.13+0.01 


0.43+0.01 


21.20+0.01 


7538 


0.762 


0.579 


0.499 


o. 


.113 


o 


103 


0.013 


0.008 


1.6 


1.1 


0.81±0.01 


0.30+0.01 


22.57+0.01 


6320 


0.762 


0.168 


0.187 





.401 





390 


0.113 


0.067 


4.1 


34.9 


94+0 02 


29+0 01 


21 59+0 01 


3970 


0.778 


0.228 


0.234 





230 





.169 


0.058 


0.036 


4.1 




0.53+0.03 


0.13+0.03 


23.51+0.02 


7987 


0.870 


0.199 


0.212 





266 





.292 


0.069 


0.050 


7.7 


3.1 


0.47+0.01 


0.18+0.01 


21.78+0.01 


4887 


0.873 


0.404 


0.381 





.203 


0. 


181 


0.031 


0.021 


4.3 


4.1 


0.84+0.01 


0.25+0.01 


22.25+0.01 


1560 


0.896 


0.155 


0.198 





.269 





.264 


0.246 


0.116 






0.95+0.02 


0.34+0.01 


21.31+0.01 


305 


0.897 


0.252 


0.265 





149 


0. 


131 


0.078 


0.039 


5.7 


7.0 


0.75+0.03 


0.22+0.02 


22.76+0.02 


7225 


0.897 


0.205 


0.241 





.223 


0. 


177 


0.103 


0.056 


4.7 


4.3 


0.66+0.03 


0.21+0.03 


23.25+0.02 


2643 


0.897 


0.133 


0.147 


0. 


.260 





.244 


0.189 


0.105 






0.71+0.03 


0.33+0.03 


22.71+0.03 


6423 


0.971 


0.163 


0.183 





.135 





141 


0.069 


0.044 


4.2 




0.58+0.03 


0.24+0.03 


23.49+0.03 


1668 


0.978 


0.131 


0.176 





.143 





.189 


0.214 


0.101 






0.78+0.06 


0.35+0.05 


23.79+0.05 


1021 


0.990 


0.163 


0.160 





.121 


0. 


.143 


0.127 


0.087 


6.0 


4.4 


0.31+0.06 


0.59+0.06 


24.35+0.07 


2991 


1.060 


0.223 


0.157 


0. 


.287 





.310 


0.373 


0.130 






1.19+0.09 


0.76+0.04 


23.80+0.05 


5649 


1.073 


0.212 


0.257 





187 





.134 


0.041 


0.025 






0.56+0.03 


0.37+0.03 


23.67+0.03 


3881 


1.075 


0.501 


0.476 





.272 





.297 


0.029 


0.025 






0.51+0.01 


0.24+0.01 


21.32+0.00 


3046 


1.076 


0.142 


0.190 





.189 





.198 


0.078 


0.049 






1.08 + 0.05 


0.71 + 0.03 


23.44 ± 0.04 


1289 


1.140 


0.241 


0.258 





.166 





.197 


0.055 


0.040 


5.3 


10.1 


0.33+0.03 


0.41+0.03 


23.38+0.03 



TABLE 8 
CL0152-1357 



ACS ID C 625 C 775 A 625 A 775 S 625 S 775 r e 625 r e 775 r 625 - «775 irrs - 2850 «775 



10063 


0.402 


0.392 


0. 


134 





.109 


0.070 


0.039 









.95+0.02 


0.44+0.02 


22.65+0.01 


11019 


0.430 


0.496 





.097 


0. 


.075 


0.022 


0.007 






1 


.09+0.02 


0.65+0.01 


22.68+0.01 


11613 


0.271 


0.287 


0. 


118 


0. 


.107 


0.062 


0.030 






1 


.04+0.03 


0.48+0.02 


23.06+0.01 


1146 


0.217 


0.239 


0. 


127 





.122 


0.038 


0.038 


7.8 


12.2 





.74+0.02 


0.32+0.02 


22.58+0.02 


1564 


0.392 


0.361 


0. 


183 


0. 


189 


0.056 


0.037 


7.6 


4.6 





.78+0.02 


0.33+0.02 


22.66+0.02 


1575 


0.314 


0.354 


0. 


125 


0. 


.084 


0.045 


0.036 


4.9 


*** 


1 


.06+0.04 


0.70+0.02 


22.88+0.02 


1652 


0.247 


0.263 


0. 


157 





.119 


0.063 


0.044 


8.7 


8.6 





.80+0.01 


0.28+0.01 


21.63+0.01 


1737 


0.207 


0.215 


0. 


131 





.114 


0.077 


0.042 


3.0 


2.1 


1 


.03+0.02 


0.42+0.02 


22.79+0.01 


2016 


0.450 


0.412 





420 





.404 


0.052 


0.050 









.26+0.01 


0.12+0.02 


22.28+0.01 


2027 


0.240 


0.302 


0. 


317 


0. 


.246 


0.094 


0.055 


9.6 


11.2 





.88+0.02 


0.42+0.01 


22.13+0.01 


2235 


0.453 


0.457 


0. 


118 





.106 


0.056 


0.023 


14.1 


4.8 


1 


,24+0.02 


0.60+0.01 


21.70+0.01 


3329 


0.645 


0.539 


0. 


.352 


0. 


300 


0.066 


0.049 









.80+0.01 


0.62+0.00 


20.62+0.00 


3390 


0.317 


0.349 


0. 


121 





.103 


0.126 


0.052 


1.3 


2.5 


1 


.20+0.02 


0.70+0.01 


21.07+0.01 


3927 


0.265 


0.292 


0. 


271 


0. 


260 


0.087 


0.061 


10.8 


11.8 





.84+0.01 


0.33+0.01 


21.57+0.01 


5410 


0.478 


0.439 


0. 


138 


0. 


.138 


0.048 


0.024 


6.1 


9.3 


1 


.02+0.01 


0.48+0.01 


21.59+0.01 


5481 


0.329 


0.387 


0. 


212 


0. 


174 


0.057 


0.031 


3.5 


10.5 


1 


.04+0.01 


0.63+0.01 


22.02+0.01 


7017 


0.393 


0.420 


0. 


.092 





.077 


0.049 


0.027 


2.0 


7.5 


1 


14+0.01 


0.57+0.01 


21.25+0.01 


717 


0.317 


0.327 


0. 


093 





.098 


0.101 


0.043 


7.3 




1 


.26+0.03 


0.60+0.02 


22.43+0.02 


8671 


0.207 


0.234 


0. 


.224 


0. 


187 


0.078 


0.057 


11.2 


10.1 





.72+0.01 


0.30+0.01 


21.41+0.01 


8708 


0.162 


0.180 


0. 


132 





.082 


0.070 


0.043 


6.9 


5.7 





.57+0.03 


0.26+0.03 


23.44+0.02 


9563 


0.498 


0.546 


0. 


152 





.087 


0.029 


0.013 






1 


.23+0.02 


0.57+0.01 


22.08+0.01 



16 



TABLE 9 

CL0152 FIELD SAMPLE 



ACS ID redshift C 606 C 775 A 606 A 775 S 606 S 775 r e 625 r e 775 r 62 5 - «775 «775 - -Z850 «775 



668 


0. 


556 





399 


0. 


388 





.171 





168 


0. 


027 





.021 






0.46±0.01 


0.22±0.01 


21.35±0.01 


1051 





.670 





.406 


0. 


449 





.222 


0. 


211 


0. 


.079 





.054 


5.0 


5.2 


0.75±0.01 


0.35±0.01 


21.24±0.01 


2199 





.675 


0. 


.242 


0. 


229 





.222 


0. 


246 


0. 


.072 





.084 


12.3 


12.2 


-0.01±0.03 


-0.03±0.05 


24.29±0.04 


978 





.720 





.280 


0. 


316 





.118 


0. 


120 


0. 


.033 





.025 


10.1 


8.8 


0.58±0.01 


0.19±0.01 


21.91±0.01 


2399 





.739 


0. 


.474 


0. 


469 





104 





088 


0. 


029 





.025 






0.37±0.00 


0.28±0.01 


21.11±0.00 


2456 





.746 





271 


0. 


305 





.214 


0. 


192 


0. 


038 





.031 


11.1 


11.3 


0.42±0.02 


0.23±0.03 


23.70±0.02 


5222 


0. 


.788 





.494 


0. 


541 


0. 


.097 





.092 


0. 


029 





.009 


2.3 


2.5 


1.16±0.01 


0.58±0.01 


21.64±0.01 


8851 





.959 


0. 


.160 


0. 


154 


0. 


.274 





.266 


0. 


148 





.093 






0.84±0.04 


0.47±0.03 


23.12±0.03 


5804 





.960 





.278 


0. 


.298 





.201 


0. 


163 


0. 


.066 





.043 


12.6 


9.7 


0.79±0.01 


0.43±0.01 


21.70±0.01 


805 





.993 





.534 


0. 


456 





.206 


0. 


219 


0. 


.030 





.024 


1.7 


*** 


0.48±0.01 


0.41±0.01 


21.72±0.01 


8441 


1 


.048 


0. 


.414 


0. 


391 


0. 


.179 


0. 


152 


0. 


037 





.032 


14.9 


14.7 


0.47±0.02 


0.40±0.02 


22.71±0.01 


6851 


1 


101 





.257 


0. 


234 





.287 


0. 


.246 


0. 


.077 





.066 






0.42±0.01 


0.42±0.01 


22.25±0.01 


6879 


1. 


.120 





149 





167 





284 


0. 


280 


0. 


119 





.095 


24.0 


23.6 


0.55±0.01 


0.62±0.01 


21.94±0.01 



